Model Study on the influence of plant design, photochemistry and meteorology on atmospheric concentrations of nitrosamines and nitramines in vicinity of an amine-based CO2 capture facility
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Abstract
Post combustion using amine solvents is the most mature technology for the capture of CO2 from coal-fired power plants. Yet, amines atmospheric fate and their environmental and human health impacts, after their release by evaporation and solvent degradation from post combustion CO2 capture (PCCC) plants to the surrounding air, remains a key area to address in view of the worldwide installation of large-scale carbon capture and storage facilities. It is therefore crucial to test potential industrial applications with respect to plant design parameters influencing the fate of the amine degradation products. In this work, a method is developed to propose ideal PCCC plant parameters with respect to its design and operation. A risk limiting scenario was modelled on the UK’s largest CO2 capture pilot plant (CCPilot100+) in Ferrybridge using the air dispersion model ADMS, such that the total nitrosamines and nitramines from the amines realised did not exceed the reported atmospheric safety limits of 0.3 ng /m3 with respect to human health in the local environment. A parametric sensitivity study was performed to determine the plant design parameters that most influenced the fate of the nitrosamines and nitramines. It was found that stack height and diameter, exit flue gas temperature and velocity are parameters of the PCCC plant can influence the total sum of nitrosamine (NS) and nitramine (NA) from +58 % to -42% compared to the baseline parameterization. Environmental parameters, such as the site specific background meteorology and the background photochemistry were also inspected. Meteorology, i.e. mainly wind speed and wind flow field, affected the total NS and NA baseline concentrations from +28 % to -10 %, and background photochemistry from +165 % -65 %. In conclusion, if a PCCC plant is constructed with advantageous exhaust geometry, environmentally optimized operation conditions, and placed in an area with low background pollution, the risk associated with employing amines for capturing CO2 emissions might be reduced to a minimum. 
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1. Introduction 
According to the latest report by the Intergovernmental Panel on Climate Change (IPCC), the planet is experiencing the impacts of human-induced climate change such as accelerating sea level rise, melting glaciers, extreme weather conditions and extinction of species (Edenhofer O. et al., 2014; IPCC 2014). Human influence on warming is primarily from the burning of fossil fuels which has caused greenhouse gas (GHG) emissions to increase in the same manner as the GHG concentrations in the atmosphere (Edenhofer O. et al., 2014; IPCC 2014). Increasing emissions of greenhouse gases (GHG) in the atmosphere, in particular CO2, will further trigger global warming and climate change. By the end of this century, it is anticipated that the impacts from warming will be widespread, severe and irreversible (Edenhofer O. et al., 2014; IPCC 2014). To prevent the global warming from rising by the anticipated 2°C, GHG emissions have to be reduced by 40-70 % by 2050 and 100% by 2100 (Edenhofer O. et al., 2014; IPCC 2014). To meet this reduction target, CO2 capture and storage (CCS) technology is a proposed and promising way forward (IPCC 2013). 
The technologically most progressed mitigation technology for coal-fired power plants is post combustion CO2 capture (PCCC) using amine solvents for large scale CO2 capture. However, as part of the capture process there is an inevitable leakage of the amine solvent into the atmosphere that forms as part of the CO2-free flue gas (Eide-Haugmo et al. 2009, Booth et al, 2012a, Booth et al. 2012b). The fate of the released amines is determined by atmospheric processes such as chemical transformation, dispersion and deposition processes. Subsequently, the release of amines leads to the production of substances such as nitrosamines, nitramines (Nielsen et al. 2010, Nielsen et al. 2011a and Nielsen et al. 2011b), imines and isocyanic acid (Bunkan et al., 2014). The atmospheric ground-level concentrations of these emitted substances vary as a function of distance from the emitting PCCC facility (e.g. Karl et al. 2015). Nitrosamines and nitramines have been documented to possess mutagenic and carcinogenic properties in animal testing (Lag et al. 2009 and Lag et al. 2011). Therefore, it is imperative to study these products to determine their impact on human health and environment.

The atmospheric chemistry of amines is highly complex and due to their high volatility, polarity, hygroscopic nature and great affinity to surfaces, there are challenges in performing experiments representative of environmental conditions. Some recent atmospheric modelling studies have considered amine gas-phase chemistry reactions along with dispersion and deposition (CERC 2012a-d, Fowler and Vernon 2012, Emmerson et al. 2013, Karl et al. 2014, Wu and Nelson 2014, Karl et al. 2015). However, except for studies by Karl et al. (2014) and Karl et al. (2015), they have all adopted rate constants from literature and used estimated values in the absence of experimentally determined rate constants. Manzoor et al. (2015) recently developed a theoretical method capable of investigating the reaction mechanisms and evaluating reaction kinetics of any generic amine with atmospheric radicals, therefore, making it comprehensive and versatile. It has been validated against existing experiment data sets (Atkinson et al. 1977, Atkinson et al 1978, Lindley et al. 1979, Lazarou et al. 1994, Nielsen et al. 2011a, Nielsen et al., 2011b, Onel et al. 2012, Karl et al. 2012, Borduas et al. 2013 and Xie et al. 2014). Since the method does not require any experimental data as input, it is possible to study amines that have previously not been investigated experimentally.

In this study, the atmospheric dispersion model, ADMS 5 (CERC 2012a, CERC 2012b) was utilized to quantify the photochemical production of nitrosamines and nitramines from emitted amines when atmospheric chemistry of amines is considered in addition to their dispersion in the region around the PCCC plant, in the same manner as demonstrated by (Manzoor et al., 2015). To illustrate the implementation of the above approach, a case study for UK’s largest CO2 capture pilot plant (CCPilot100+) in Ferrybridge was conducted. Due to the lack of reliable amine emission data, risk-limit scenario cases were created based on modelling experience such that the chemical discharges of the most common leakages of amine (such as monoethanolamine, MEA) and degradation products formed as part of the amine-based PCCC capture process (such as methylamine, MA and dimethylamine, DMA) from the emitting source had the highest rate for which the associated risk was still acceptable with respect to the health of the general public and the local environment. To determine the parameters (such as meteorology, background chemistry, rate constants, plant design and operation) that are most influential on the fate of the resulting ambient concentrations of nitrosamines and nitramines from PCCC process emissions, parametric sensitivity analysis was performed on the risk-limit case.

The application of amine-based solvent PCCC technology for CO2 capture on a full-scale commercial plant is still in its early stages, with the Boundary Dam CCS project in Canada being the first in operation (MIT, 2016). It is proposed that the risk associated with solvent discharge issues from amine-based solvent PCCC plant can be made negligible. This can be achieved if the sensitivity analysis technique applied in this work is utilized to propose ideal plant design parameters and an ideal geographical location for a planned industrial application. Therefore, the findings of this research are expected to result in useful data to the CO2 capture industry especially for compliance with air quality regulations.

2. Materials and methods
2.1 Atmospheric dispersion model ADMS 5
An advanced Gaussian dispersion model, ADMS 5 with its amine chemistry module (CERC, 2012a) was used for quantifying the atmospheric chemistry, dispersion and deposition atmospheric processes of the amine emissions of interest. ADMS 5 has been employed for modelling air quality impact of pollutants from industrial sources (Carruthers et al., 2000; CERC, 2010, 2012b; Colgan et al., 2003; Hodgson et al., 2007; Leksmono et al., 2006; McHugh et al., 1997). ADMS 5 is a new generation Gaussian plume air dispersion model, capable of describing the in-plume process and the distinct nature of the plume by directly linking the characteristic of the atmospheric turbulence to the plume spread. Therefore, the atmospheric boundary layer properties and atmospheric stability are characterised by the boundary layer depth and the Monin-Obukhov length, , in contrast to other Gaussian models which typically use the Pasquill-Gifford or other stability classifications. Under stable conditions, , is positive, whereas, it is negative under unstable or convection conditions. The model is limited to a distance of up to 60 km from the source and it possesses various advanced features, making it a suitable candidate for accessing the fate of pollutants from industrial installations.

ADMS 5 was used to estimate the atmospheric concentration levels of the emitted amines over distance and time from the source. Dispersion modelling requires information on emission rates of amine and nitrogen oxides from the source, characteristics of the emission source i.e. stack height and stack diameter, stack exit velocity, exhaust gas emission temperature at stack exit, geographic location, local topography, meteorology (such as wind speed and direction, ground surface temperature and cloud cover) of the site and background concentrations of NOx (i.e the sum of nitric oxide (NO) and nitrogen dioxide (NO2)) and ozone (O3). The model’s meteorological pre-processor was employed to calculate the hourly photolysis rate of nitrogen dioxide, J NO2 (CERC, 2012a):

		          (1)

The evaluated hourly J NO2 along with ambient hourly O3 concentrations were then used for the determination of the hourly hydroxyl radical (OH) concentration using the relationship defined in Eq. 2. This equation also accounts for a site-specific parameter c (CERC, 2012a).

                           	                                     (2)
Where, JNO2 is the hourly photolysis rate of NO2, K is the solar radiation (in W/m2) at the considered latitude. Ambient background concentrations of O3 and OH are used in Eq. (2). Diurnal profiles of OH concentration and JNO2 for equinox and solstice days are displayed in Figure S1 (Supplementary materials).

ADMS 5 initially computes pollutant dispersion using advanced advection-dispersion algorithms for the determination of the concentration distribution profile of the species of interest within the boundary layer described by a Gaussian plume (accounting for reflections at the ground level and at the inversion layer). Details are given in the Supplementary Materials, section S1. Subsequently, ADMS evaluates the concentrations of the emitted amine at each receptor point for every hour (Figure 1). Following the hourly dispersion calculations, it then considers the plume time travel to determine the plume age.

[image: ]

Figure 1: 101x101 Gridded receptors over 30 km x 30 km domain centred on Ferrybridge 

An adaptive time-stepping method is employed for the numerical integration of the ordinary differential equation (ODE) system (Table S1) describing the atmospheric chemistry (CERC 2012e). After solving the system, the resulting solution is applied over time to the background and to the emissions from the source for every time step until plume travel time becomes equal to the life time of the parent amine. Dilution and entrainment of the amines as they travel in the plume are also accounted for.

2.2. The amine chemistry module in ADMS 5
[bookmark: _Ref427434247]ADMS 5 has an in-plume chemistry model for consideration of chemical reactions to form harmful chemicals from amines such as nitrosamines and nitramines. The amine specific rate constants and the other parameters mentioned in section 2.1 are then used to compute the atmospheric chemistry of the amines. A generic amine chemistry scheme (Table 1) based on experimentally evaluated chemistry scheme for MEA by Nielsen et al. (2011a) (as presented in Manzoor et al. (2015)) has been integrated with the dispersion algorithms in ADMS 5 by its developers.







[bookmark: _Ref425870359][bookmark: _Toc427769677]Table 1:    A generic amine chemistry scheme incorporated in ADMS 5 (CERC, 2012a).
	
Amine + OH  Amino radical + H2O
	1a

	                      RN(H)CH2 + H2O
	1b

	Amino radical + O2  Imine + HO2
	2

	Amino radical + NO  Nitrosamine 
Nitrosamine    + hʋ   Amino radical + NO
	3 


	Amino radical + NO2  Nitramine
	4a

	                                     Imine +HONO
	4b




[bookmark: _Ref434779351]Manzoor et al. (2015) studied the atmospheric chemistry schemes for MA, DMA and MEA employing quantum chemistry theoretical methods and kinetic modelling to develop a reaction schemes for MA, DMA and MEA and their corresponding ODE systems are summarized in Table S1 and Figure S2 (Supplementary materials). The reaction rate constants evaluated are specified in Table S2.

The nitrosamines of primary amines are thermodynamically stable in the gas phase (Tang et al., 2013a), even though rapidly undergoing different dissociation pathways to form simpler and more stable products. Nielsen et al. (2011a) determined experimentally that the pathway leading to formation of the corresponding imines was the most favoured one. This was further supported by the theoretical studies by Tang et al. (2013a). Conversely, da Silva ( 2013) performed theoretical calculations showing that the most favourable pathway led to the formation of alkyldiazohydroxides followed by reaction with O2 to form diazomethane from the nitrosamines of primary amines. However, since no experimental studies support the formation of diazomethane (Manzoor et al., 2015), the pathway was not considered.

Experimental studies by Nielsen et al. (2011b) and Karl et al. (2012) have not detected nitrosamine from MEA. Both studies have confirmed the formation of the nitramine of MEA, 2-nitroaminoethanol. Theoretical calculations by Angove et al. (2010) suggested that the 2-nitroso amino ethanol is formed but undergoes isomerization followed by decomposition to 2-iminoethanol. Tang et al. (2013b) based on quantum theoretical calculations of the atmospheric oxidation of methylamine, also found that the nitrosamine of the primary amine would most likely undergo isomerization, followed by reaction with O2 to form its corresponding imine. The proposed reaction mechanism for MEA by Karl et al. (2012), suggests that the 2-nitroso amino ethanol while produced with a very low yield, would be rapidly destroyed by photolysis in sunlight. The debate whether the nitrosamine of MEA is a stable product or not, is still ongoing. Since, the aim of this work was to consider a risk-limiting scenario to determine the potential risk for human health, the findings from the quantum chemistry theoretical calculations by Manzoor et al. (2015), which concluded that the MEA nitrosamine is thermodynamically stable, not further transforming into simpler products, but rapidly dissociating in sunlight like nitrosamines of the secondary amines, was adopted in this work.

2.3. Study sites
[bookmark: _Toc428290764][bookmark: _Toc429225934][bookmark: _Toc429417140]To demonstrate the application of the developed methodology, case studies on the PCCC plant at Ferrybridge power plant (Easting (X), Northing (Y) (British National Grid); 447906, 424832 and Latitude, Longitude; (WGS84); 53.7179 ºN, 1.2811 ºW) was conducted to quantify the change in concentration of the amine discharges in time and space with respect to the emitting facility. Ferrybridge CCPilot 100+ is UK’s largest CO2 capture coal-fired pilot plant in Ferrybridge, CCPilot 100+. It was operational in 2012 and 2013 capturing 100 t of CO2 per day with a 90 % capture rate (Fitzgerald et al. 2014).
It is assumed that the absorber stack is the emission source of amines (CERC 2012c, CERC 2012d). The stack exhaust geometry is circular. The source parameters of each emitting facility are shown in Table S3 (Supplementary materials). It is assumed than there are no direct emissions of the NS +NA from the stack in the flue gas that is vented out into the atmosphere.

Atmospheric chemistry and dispersion modelling for each of the amines mentioned is performed for a particular meteorological year. Meteorological data for Ferrybridge is from the UK Met office and National Oceanic and Atmospheric Administration (NOAA). The meteorological year modelled for Ferrybridge is 2012, which was the starting year of operation, and the relevant data was obtained from Castleford weather station. The wind rose for Ferrybridge is shown in Figure S3 (Supplementary materials).    
       
The background concentrations of pollutant gases in the vicinity of the plant were used to represent ambient concentrations of pollutants in the atmosphere in the meteorological year of interest. These were obtained from the Department of Environment Food and Rural Affairs (DEFRA) for the UK sites (Table 2).

Table 2: Background concentrations of pollutant gases around the Ferrybridge capture plant for the particular meteorological year studied.

	Pollutant
	unit
	Ferrybridge 2012

	NOx
	µg / m3
	25.1

	NO2
	µg / m3
	16.2

	NO
	µg / m3
	4.61

	O3
	µg / m3
	65.0

	PM10
	µg / m3
	16.9

	PM2.5
	µg / m3
	           10.9




Terrain elevation data for Ferrybride was obtained from the UK OS Profile DTM dataset for Ferrybridge. The terrain features for the site are shown in (Figure S4) along with its geographic location. 

Emissions of amine and other by-products from the capture facility are in most cases confidential. There are no publicly available amine emissions rates reported for Ferrybridge CCPilot100+ due to confidentiality reasons. However, Fitzgerald et al. (2014) reported nitrosamine emissions from Ferrybridge pilot plant to be very low throughout its operation. In October 2013, three individual nitrosamines were characterised with the highest concentration nitrosamine recorded as 10 µg/m3 and the total as 20 µg/m3 at process exhaust. Similarly, three months later, three nitrosamines were again identified but with concentrations below 1 µg/m3. Only one of the reported nitrosamines was identical during the measurements in October and December 2013.

2.4. Worst-case and risk-limit scenario
Usually in the absence of reliable emission rates for amines, a hypothetical worst-case scenario is considered for the plants. The worst-case scenario follows the precautionary principle to avoid risks for the environment and public health in a situation where the data basis (emission totals, chemical kinetics and branching ratios, meteorological variables, etc.) is relatively weak. Since the (original) worst-case scenario (Karl et al., 2011) neglects chemistry, only atmospheric processes that act linearly on the concentration of amines are considered. As a result, predicted air concentrations have a linear dependency on emissions of the amines.

The environmental concentrations of nitrosamines and nitramines resulting from a PCCC process should be within the safety limits proposed by various scientists and regulatory authorities, to keep the risk for human health and the environment at a minimum. Unfortunately, no environmental assessment levels or environmental quality standards for the nitrosamines and nitramines have been enforced in the European Union or in UK until now. For the Technology Centre Mongstad (TCM) capture facility, the Norwegian Climate and Pollution Agency has issued a discharge permit allowing for maximum concentrations of 0.3 ng/m3 for total nitrosamines and nitramines in the air (at a cancer lifetime risk < 10-5) and 4 ng/L in water in the surrounding environment during its operation (Låg et al., 2011). The safety thresholds for TCM may serve as a benchmark since they have been calculated based on the methods used under the EU regulations on registration, evaluation, authorisation and restriction of chemicals (REACH). The safety thresholds for TCM were applied in the present study. 

The dispersion results acquired for unity emission, Eunit,amine ,  (i.e. 1 g/s) are used to estimate the maximum tolerable emission of amines, Emax, amine (in g/s) (Karl et al., 2011). It is assumed that the emissions are constant throughout each day and throughout the year i.e. no time variation factors are applied to the emission rates. The maximum concentration output, , (i.e. the maximum yearly-averaged ground concentration of the model grid area) at unity emission is scaled until the critical concentration (or safety threshold) of the amine in air (or deposition), , is reached. By doing so, the exceedance factor, , of the emission source strength is acquired:
	
                                               			(3)

If the unity emission is divided by , then the amine maximum tolerable emission, , from the PCCC facility with respect to the  in air, is obtained:

         			(4)

The maximum tolerable emission,  is calculated as follows: 

1. The percentage transformation of the amine to the corresponding nitrosamine and nitramine is calculated at a specific point as follows:

              	(5)

Where [NS] + [NA] is the maximum total concentration of nitrosamine (NS) and nitramine (NA) in the study domain and [Amine] is the amine concentration at the particular point in the domain where the maximum sum of NS and NA occurs.
2. The  in air for the emitted amine is determined as shown:

              			(6)

where  in air for nitrosamines and nitramines is around 0.3 ng/m3 (Låg et al., 2011). 
)
3. Hence, after determining  and , of amine at unity emission, Eq (4) for the maximum tolerable emission of the amine, , can be rewritten as:

         	(7)

For Ferrybridge, the dispersion model simulatons for the worst-case scenario were performed assuming that 1 g/s of amine was emitted constantly for one meterological year. 

Dispersion calculations with ADMS 5 for the Ferrybridge capture plant was conducted using the outlined worst-case scenario method. The original worst-case scenario (Karl et al., 2011) was designed without taking into account chemical transformation, which ensured that the resulting maximum amine concentration follows a linear dependency on the amine emission rate. In this study, however, in modification of the original worst-case scenario, the degradation of gas-phase amines in the atmosphere was considered. Introducing chemical transformation in the calculation of the maximum tolerable amine emission rates will certainly affect the linearity of the relationship. However, preliminary calculations revealed that despite introducing chemical transformations in the calculation of the maximum tolerable emission rates, the relationship still behaved linear as shown in Figure S5 (Supplementary materials).

NOx emissions from the capture plant were considered in the scenario calculations because the production of NA and NS from the parent amine critically depends on the ambient level of NOx and the ratio of NO to NO2. 0.49 % of NO2 in NOx emissions from the stack was used in all the calculation for Ferrybridge.

Table S4 lists the maximum of the long term averaged concentration of the emitted amine  calculated according to Eq. (7) at unity emission in the Ferrybridge study domain. The maximum sum of the nitrosamines and nitramines from each of the amine and the amine concentration at that particular point in the grid are shown. The percentage transformation of the amine into its corresponding nitrosamine and nitramine is calculated as well. These results establish the maximum tolerable amine emission rates () which are in the next step used for the risk-limit case study. By definition, the application of maximum tolerable emission rates of the three amines will result in nitrosamine and nitramines concentration (as sum from all the three amines) that are below the safety threshold limit, which results in an acceptable risk. Within the range of the acceptable risk the applied amine emission rates are at the maximum, hence, the scenario is referred to as risk-limit case in the remainder of the manuscript.

2.5. Sensitivity analysis method
A parametric sensitivity analysis was carried out to determine the influence of individual parameters (such as meteorology, background chemistry, rate constants, plant design and operation) on the resulting environmental concentrations of nitrosamines and nitramines. Parametric sensitivity analysis was performed with the risk-limit case scenario for the Ferrybridge plant during 2012 for the three amines. The risk-limit case was defined as the baseline case of this study since the dispersion calculations in the risk-limit case were performed with the basic parameter values before any variation (baseline values).

Table 3 provides an overview of the investigated parameters and their respective value ranges. Each parameter value was doubled and halved compared to its baseline value as listed in Table 3. The considered ranges are assumed to be considerably larger than the presumed uncertainty ranges associated with the parameters.

Meteorological parameters. Meteorological data was taken from the UK Met office and National Oceanic and Atmospheric Administration (NOAA) for Ferrybridge. The meteorological parameters included hourly means of wind speed, wind direction, ambient temperature, precipitation and cloud cover. The effect of meteorology from 2004 to 2013 on the baseline NS and NA concentrations was studied.

Gas-phase kinetic parameters (rate constants and branching ratios). The sensitivity study performed investigates how the concentration of the resulting NS and NA from the three amines is influenced by changing the rate constants describing the chemistry. The respective baseline values and tested values of the rate constants  OH, 2, 3, 4a, 4b, branching ratio (1aOH) and nitrosamine photolysis ratio, /(NO2), for MA, DMA and MEA, respectively, considered in this work were those reported in Manzoor et al., 2015.

Background photochemistry parameters (background concentration of O3, NOx/NO2 ratio). The effect of changing the background concentrations of NOx, O3, OH and NOx/NO2 ratio was investigated. The background concentrations of NOx and O3 in the vicinity of the Ferrybridge plant were used to represent ambient concentrations of pollutants in the atmosphere in the meteorological year of 2012. These baseline values were obtained from the Department of Environment Food and Rural Affairs (DEFRA) for Ferrybridge. The OH concentration was evaluated from modelled (NO2) using equations (1) and (2). The NOx/NO2 ratio was obtained from the Ferrybridge operators. 

Stack and exit flue parameters and NOx emissions. Plant design parameters such as stack height, stack diameter, stack exit velocity and stack exit gas temperature along with NOx emissions from the stack are also varied. These baseline values were obtained from the Scottish and Southern Energy operators of the CCPilot 100+ plant in Ferrybridge.
22



[bookmark: _Ref434779473]Table 3:    The values of the selected model parameters doubled and halved of its true value for consideration in sensitivity analysis conducted on the baseline risk-limit case on Ferrybridge.
	
	MA
	DMA
	MEA

	
	Halved
	Baseline
	Doubled
	Halved
	Baseline
	Doubled
	Halved
	Baseline
	Doubled

	OH / cm3 molecule-1 s-1
	1.09×10-11
	2.18×10-11
	4.36×10-11
	3.13×10-11
	6.26×10-11
	1.25×10-10
	4.60×10-11
	9.20×10-11
	1.84×10-10

	2
	1.82×10-18
	3.64×10-18
	7.28×10-18
	1.82×10-18
	3.64×10-18
	7.28×10-18
	1.25×10-16
	2.49×10-16
	4.98×10-16

	3
	8.50×10-13
	1.70×10-12
	3.40×10-12
	4.19×10-14
	8.37×10-14
	1.67×10-13
	2.81×10-14
	5.62×10-14
	1.12×10-13

	4a
	4.85×10-13
	9.70×10-13
	1.94×10-12
	1.58×10-13
	3.15×10-13
	6.30×10-13
	4.20×10-15
	8.40×10-15
	1.68×10-14

	 4b
	1.01×10-13
	2.02×10-13
	4.04×10-13
	5.50×10-15
	1.10×10-14
	2.20×10-14
	2.07×10-15
	4.14×10-15
	8.28×10-15

	Branching ratio (𝒌1a/𝒌OH)
	0.175
	0.35
	0.70
	0.19
	0.38
	0.76
	0.025
	0.05
	0.1

	/(NO2)
	0.265
	0.53
	1.06
	0.62
	1.24
	2.48
	0.29
	0.58
	1.16

	Stack height / m
	99
	198
	396
	
	
	
	
	
	

	Stack diameter / m
	4.87
	9.74
	19.48
	
	
	
	
	
	

	Velocity /
m s-1
	25
	50
	100
	
	
	
	
	
	

	Temperature / °C
	45
	90
	180
	
	
	
	
	
	

	O3 /  µg m-3
	32.5
	65
	130
	
	
	
	
	
	

	NOx
	12.55
	25.1
	50.2
	
	
	
	
	
	

	NOx/NO2
	0.245
	0.49
	0.98
	
	
	
	
	
	

	NOx emissions / µg m-3
	8.1
	16.2
	32.4
	
	
	
	
	
	

	c for OH
	1.19×10-3
	2.38×10-3
	4.75×10-3
	
	
	
	
	
	




























3. Results

3.1 Baseline case
For the baseline case study dispersion calculations were performed with the risk-limit case scenario using the baseline values of the relevant model parameters (Table 3) without any prior variation. Emissions and meteorological year are defined in section 2.3. The atmospheric chemistry of MA, DMA and MEA was introduced in the ADMS 5 model using the rate constants and branching ratios determined by Manzoor et al. (2015). In addition to the simulations of the risk-limit case scenario considering amine chemistry, an Inert Dispersion Model (IDM) calculation, in which the emitted amines are treated as inert tracers, has been performed with ADMS 5 for comparison purposes.

3.1.1 Spatial concentration distributions
[bookmark: _Ref420263399][bookmark: _Toc420251587]The model was used to simulate the yearly average concentrations for the amines of interest at the maximum tolerable emission rates. The resulting maximum long-term average concentrations of the target amines and their corresponding nitrosamine (NS) and nitramine (NA) from calculations using the maximum tolerable emission rate of the amines (Emax, amine in Table S4 in Supplementary materials) are listed in Table 4. Results are in annual average values, which can be used to compare with the safety guideline values.

Table 4:      Maximum long-term average air concentrations of amines, nitrosamines and nitramines for the risk-limit scenario (baseline case) modelled for each site, where A represents Amine, NS is nitrosamine and NA is nitramine. Concentrations shown in brackets are from Inert Dispersion modeling (IDM) where chemistry is not considered. [A] is reported at the maximum sum of NS and NA location in the study domain.

	PCCC
	Amine
	Emax (g/s)
	[A] /
ng m-3
	[NS] /
ng m-3
	[NA] /
ng m-3
	[NS+NA] / ng m-3

	Ferrybridge
	MA
	125
	323    (327)
	0
	9.77x10-2
	

	
	DMA
	138
	348    (361)
	2.38x10-2
	1.05x10-1
	

	
	MEA
	20.8
	51.6    (54.4)
	9.87x10-3
	5.87x10-2
	

	
	
	
	
	
	
	0.29



Contour maps illustrating the annual average concentrations of the amine emissions and the total NS and NA from all the three amines (MA, DMA and MEA) for the modelled meteorological year specific to each site, over an area of 900 km2 centred on Ferrybridge for a grid resolution of 300 m × 300 m are shown in Figure 2 a-d. Highest concentrations of the emitted amines are found in a distance of 2-3 km from the emission source as has been expected due to plume rise and the applied Gaussian plume dispersion scheme. Clearly, a reduction in concentration of the amines with increasing distance from the PCCC plant is found. However, the opposite is true for the total NS and NA concentrations, since they form along the travel path as the amine reacts with the atmospheric oxidants (Figure 2d). Terrain and the local wind field strongly modulate the pattern of dispersion of these species in the atmosphere.

The calculated maximum long term calculated average concentrations for the sum of nitrosamine and nitramine for the worst case modelled on Ferrybridge is 0.29 ng m-3, which is only slightly lower than the critical concentration of 0.3 ng/m3. The close agreement of the maximum concentrations with the critical concentration confirms the robustness of the worst-case method to derive maximum tolerable amine emissions. The small deviation from the critical concentration is probably due to non-linear effects of the amine chemistry, as discussed in section 2.4 (Figure S5 Supplementary materials); while the original worst-case did not include degradation of amines in air.









(a)            
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(b)                        
[image: ]




(c)
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(d)
[image: ]                         

[bookmark: _Ref434778564]Figure 2:    Contoured distributions of maximum annual concentration of amines in air for the risk-limit case in 2008: (a) MA (b) DMA (c) MEA at the amine emission rates reported in Table 4 and (d) the total NS and NA (ng/m3) resulting from MA, DMA and MEA emissions for Ferrybridge. To estimate a surface from the set of scattered concentration points evaluated at 101 × 101 gridded receptor points over 30 km × 30 km domain centred on Ferrybridge (Figure 2), interpolation using a Krigging approach in Arc-GIS software is employed.

Monthly variability of MEA and oxidation products concentration for the year 2012 is described in the section S3 of Supplementary Materials and depicted in Figure S7 (Supplementary Materials). Figure S7a shows that the monthly concentration for MEA ranges from 37 to 134 ng/m3 with the maximum occurring in January. The maximum monthly concentration of MEA is observed to decrease from January onwards only to increase in September and decrease afterwards. The monthly concentrations for NS and NA resulting from MEA were in the range of 0.02 – 0.22 ng /m3, with the maximum monthly concentrations occurring in May (Figure S7b). 

3.1.2 Chemical conversion to nitrosamines and nitramines
For Ferrybridge, the calculated concentration sum of nitrosamines and nitramines of 0.29 ng m-3, based on Table  4, consists of 89 % NA, which is formed from the three parent amines that are MA, DMA and MEA (Figure S6 Supplementary materials), and of 11 % NS, which is formed from MEA and DMA, but not from MA. NS originates from 29 % of MEA and 71 % DMA, whereas, NA originates from 22 % of MEA, 40% of DMA and 37% of MA. 

The higher percentage contribution of NA to the concentration sum is due to the fact that NS undergoes photolysis in the presence of sunlight, leading to its rapid decay in the atmosphere at daytime. Only MEA and DMA contribute to NS. A secondary alkyl amino radical (such as DMA radical) forms a stable nitrosamine that does not further dissociate. The same has been observed for MEA radical, which despite being a primary alkyl amino radical, forms a thermally stable nitrosamine as discussed in section 2. The 29 % contribution of NS from MEA is uncertain and therefore the total of 11 % NS might be an overestimate of the fraction of nitrosamines. If no contribution of NS from MEA is considered, the total NS+NA decreases by 2 % with 8 % NS from DMA and 92 % of NA from MA, DMA and MEA. 

MA contributes negligibly to NS since it is assumed that the MA radical forms a primary nitrosamine (represented by the fastest k3 rate of nitrosamine formation in Table S2 Supplementary materials), that is highly unstable and dissociates to its corresponding imine (Nielsen et al., 2011a).

The fate of nitrosamines from the three amines, is also influenced by photolysis in the presence of sunlight; leading to their rapid decay in the atmosphere at daytime. The secondary nitrosamine, DMA-NO, photolysis fastest (highest  /s in Table S2 Supplementary materials) in comparison to the two other primary nitrosamines. Photolysis of the nitrosamine leads to the amino radical, which, with increasing distance from the plant, rather reacts with NO2 than with NO due to the greater NO2/NO farther away from the plant, forming the nitamine. As consequence of this, in comparison to nitrosamines a much higher percentage formation exists for nitramines.

The atmospheric lifetime of nitramines is on the order of one or two days, since its only removal reaction is the thermal reaction with OH to its corresponding imine, which is a rather slow reaction.

There are various factors that can play a role in influencing the production of nitrosamines and nitramines from the parent amines at the location of a PCCC plant. These factors include different meteorological conditions, insolation (availability of sunlight), background concentrations of NOx and O3, terrain features, as well as the stack characteristics, considered for a particular modelling study and emitting facility.

3.2 Sensitivity analysis
3.2.1 Meteorology
To investigate the effect of year-to-year variances on expected concentrations, model runs with meteorological years from 2004 to 2013 were performed for MA, DMA and MEA (Figure 3). The variation of meteorological conditions from year to year can potentially lead to situations where the limit values of the risk-limit case are exceeded, with negative consequences for human health. The meteorological year that gives the highest long-term annual concentration of the sum of NS and NA is 2004, with a risk to the human health. In the years 2010 and 2011, the safety limit value of 0.3 ng m-3 is slightly exceeded, by 7% and 3%, respectively. From the results (Table S6 Supplementary materials), the changes in the maximum concentrations and concentration patterns are apparent but the inter-annual variations are not that significant except from 2004 to 2005.
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[bookmark: _Ref420589775][bookmark: _Ref434778856][bookmark: _Toc428275244][bookmark: _Toc429417231]Figure 3:    A graphical representation of the sensitivity analysis on the meteorological years from 2004 to 2013 with a box and whiskers plot showing the lowest (0.26 ng/m3), lower quartile (0.27 ng/m3), median (0.29 ng/m3), upper quartile (0.30 ng/m3) and highest value (0.37 ng/m3) of the sum of NS and NA concentrations resulting from the three amines for the sensitivity testing on the risk limit scenario on Ferrybridge. One outlier was also obtained at a value 0.37 ng/m3. The red straight line corresponds to the safety limit of 0.3 ng m-3.
For the meteorological year 2004, the maximum long term annual concentration of the total NS and NA (0.37 ng m-3) is relatively higher than those determined for the rest of the years. This difference could be due to variation of wind speed, wind direction, or cloud cover. The differences between 2004 and the average meteorology of the years 2004-2013 has been inspected in more detail. In Figure 4, the windrose for 2004 is compared to the windrose for the multiannual average. While the 2004-2013 average has a prevailing downwind wind direction towards the southwest (frequency of 49 % for winds towards 190⁰−240⁰ with wind speed > 3.0 m/s), the year 2004 has a prevailing downwind wind direction towards northwest (frequency of 29 % for winds towards 270⁰−350⁰ with wind speed > 3.0 m/s). This major change in wind direction in 2004 is responsible for increased dispersion of amine emissions towards the area west of the PCCC plant. More importantly, the histogram of the wind speed distribution was inspected for 2004 and the 2004-2013 average (Figure S8 Supplementary materials), revealing that 2004 had an exceptional high proportion of situation with calm winds. In 2004 calm situations with wind speed < 1.5 m/s, occurred during 8 % of the time while no occurrence of calm situations (wind speed < 1.5 m/s) were found for the 2004-2013 average.

Calm situations with low or non-existent winds are typically related to stable conditions, most commonly found at night. These conditions prevent the usual plume travel and diffusion out of the region (Stern, 1976). If in addition the plume has insufficient rise, the emitted amines will remain with the region and accumulate. Only large plumes with sufficient buoyancy may rise to higher elevations, where they escape the restricted movement of the calm conditions (Stern, 1976). However, the plumes from carbon capture with amine solvent are usually cold plumes with low buoyancy. Hence, calm situations will be associated with higher ground concentrations of amines and its oxidation products due to accumulation of pollutants in the region around the PCCC facility. By default, ADMS 5 does not model meteorological data for which the wind speed at 10 m is less than 0.75 m/s. Consequently, the effect of calm conditions on modelled nitrosamine and nitramine concentration would be even more pronounced if the treatment of calm conditions (wind speed < 0.75 m/s) was enabled in ADMS 5. The option for specific treatment of calm conditions in ADMS 5 calculates the concentration as a weighted average of a normal Gaussian type plume and a radially symmetric plume, where the weighting depends on the wind speed at 10 m. The radially symmetric plume in this case is modelled as a passive source that has a source height equal to the maximum plume height from the standard plume rise calculations, and assumes equal probability of all wind directions.
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Figure 4:  Wind rose plot for depicting the downwind flow vector in m/s for Ferrybridge (a) 2004 and (b) average windrose from all the years. In this polar plot, the angle of an element represents wind direction whereas the radial distance from the centre represents the frequency of wind speed occurrence. The frequency of each wind record is taken as 1 (CERC (2012b)). 
3.2.2 Background photochemistry
Changes of the background concentrations of NOx, O3, and OH as well as the background air NOx/NO2 ratio strongly affected the concentration sum of NS and NA in the study domain of Ferrybridge. Doubling the NOx/NO2 ratio caused the baseline case NS and NA concentration to increase by a 3% whereas halving it led to an increase of 1 %. Therefore, it is deduced that varying this parameter has a negligible effect on the final output value. Varying NOx background concentration affected the concentration of nitrosamines and nitramines by up to 11 %. Changing the concentration of OH radical also affected the baseline case NS and NA concentration. Doubling it, led to an 8 % increase of the baseline value whereas, halving it brought about a 65 % reduction. OH is the precursor to the atmospheric chemistry of the amines and it will therefore influence the fate of the resulting degradation products.
Ozone is a source of OH radicals; therefore, doubling O3 background concentration increases the rate of amine and OH reaction, resulting in a decrease in the amine concentration. Subsequently, more of the amino radical is formed to react with NO and NO2 to produce the corresponding nitrosamine and nitramine, exceeding the baseline case value of the total NS and NA by 165 %. Halving O3 concentration had the opposite effect, resulting in a 59 % reduction. As shown in Figure.5, the NS and NA concentration sum exhibits an almost linear dependency on the O3 background concentration.
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[bookmark: _Ref424128586][bookmark: _Ref434778814][bookmark: _Toc428275243][bookmark: _Toc431202615]Figure 5:	Plot showing a linear dependency of the NS and NA concentrations with [O3] / µg m-3.
3.2.3 Gas-phase kinetic parameters
Gas-phase kinetic parameters of the amine chemistry reaction scheme, i.e. its reaction rate constants, branching ratios and nitrosamine photolysis rates are parameters associated with high uncertainty and changing them has the potential to affect the concentration sum of NS and NA in the study domain of Ferrybridge. Rate constants describing the amine chemistry and parameters directly related to the amine chemistry were varied up to a factor of 2 to study how these particular parameters influence the fate of the total NS and NA formation from the three parent amines.

The rate constant k1 determines the rate of the reaction of the amine with OH radical to form the amino radical and water. Therefore, doubling the rate of this reaction causes the amine concentration to decrease as the amine converts to the amino radical. The amino radical which is higher in concentration then reacts with NO and NO2 to form the nitrosamine and nitramine, resulting in an increase in their concentration which exceeds the baseline case value of 0.29 ng/m3 by 80 %. Halving k1 has the opposite effect and reduces the concentration by up to 45 % of the baseline value.
The rate constant k2 determines the rate of the reaction of the alkyl amino radical with O2 to form imine. This reaction competes with those forming nitrosamines and nitramines. Therefore, doubling k2 results in a decrease in the concentrations of nitrosamines and nitramines by up to 45 %, as it causes an increase in the imine concentration. The concentration of the amine is unaffected by this, therefore, it stays the same as the baseline amine concentration. Halving k2 has the opposite effect and the concentration of the NS and NA exceeds the baseline value by 84 %.

The rate constant k3 determines the rate of the reaction of the alkyl amino radical with NO to form the nitrosamine. Therefore, doubling k3 increases the formation of the nitrosamines i.e. its concentration. The concentrations of the amine and nitramine remain unaffected. The overall concentration nevertheless exceeds the baseline value by 8 %. Halving k3 has the opposite effect, resulting reduction of 2 % of the baseline value.

The rate constant k4 determines the rate of the reaction of the alkyl amino radical with NO2 to form the nitramine. Therefore, doubling k4 increases the formation of the nitramines i.e. its concentration doubles. The concentrations of the amine and nitrosamine are unaffected by this. Halving k4 has the opposite effect. However, in both the cases the total NS and NA concentrations remain much below baseline value i.e. by 43 and 5 %.

The ratio J/ JNO2 determines the rate of photolysis of the nitrosamine. Therefore, doubling it increases this rate and results in a decrease in the concentration of the nitrosamine. The concentrations of the amine and nitramine remain unaffected. The total NS and NA concentration is 2 % lower than the baseline value. Halving J/ JNO2 has the opposite effect, resulting in an increase of 5 % of the baseline.

Doubling the branching ratio (1aOH) causes a higher fraction of the amino radical to be formed, which subsequently reacts with NO and NO2, resulting in the production of nitrosamine and nitramine exceeding the baseline value by 36 %. Halving the branching ratio has the opposite effect and the resulting concentration is 49 % lower than the baseline value.

Hence, it is found that increasing k1, k3, k4 and branching ratio (1aOH) values, and, reducing k2 and J/JNO2 values, will overall lead to an increase in the NS and NA concentrations. Yet, the most influential kinetic parameters in determining the fate of the NS and NA are k1, k2 and branching ratio (1aOH), affecting the concentration total NS and NA by up to 80, 84 and 49 %, respectively.

3.2.4 Plant design and operation
In this part of the sensitivity analysis, the influence of the design of the PCCC plant and the properties of the flue gas exit was studied. The amount of NOx emissions from the plant stack are also seen as a design component since they can be reduced by installation of emission reduction devices.

With an increase in temperature of the exit flue gas, the density of the exhaust gas is decreased which causes them to be lifted to upper layers of the atmospheric boundary layer, consequently reducing ground level concentrations. Additionally, the involved chemical reactions are exothermic reactions and therefore doubling the temperature (from baseline temperature), shift the reaction to the reactants, decreasing the concentration of the nitrosamines and nitramines by 35% of the baseline value. Reducing the exhaust gas temperature by the half, results in an increase of 4% of the NS and NA concentration in comparison to the baseline value. Doubling the velocity of the exit flue gas results in a decrease of NS and NA concentration by 20% of the baseline value, whereas, upon considering half the value of the velocity, the resulting concentrations rises by 32%. 

Doubling the stack height, results in a decrease in total NS and NA concentration by 42 % of the baseline value. The decrease in the concentration suggests that the NS and NA can disperse farther from the source, therefore, having a reduced effect on the environment. An increase in total NS and NA concentration by 58 % is observed with halving the stack height, suggesting that the emissions cannot disperse further from the source as well as go to the upper layers of the atmospheric boundary. A power law dependence of the NS and NA concentration on the stack height is observed, as illustrated in Figure 6a. The same power law dependence of the total NS and NA concentration with stack height was observed when the simulations were performed with a one-dimensional Gaussian plume model for neutral stability (Figure 6 b).
The same relationship extends to the total NS and NA concentration with stack diameter, where doubling the diameter causes the total NS and NA concentration to increase by 45 % of the baseline and halving this parameter causes a decrease by 51 %. 
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[bookmark: _Ref434779142][bookmark: _Toc428275242][bookmark: _Toc429417229]Figure 6:   Plots showing a power law dependency of the NS and NA concentrations with (a) stack height from ADMS model results, which is further confirmed from (b) results a one-dimensional Gaussian plume model for neutral stability in flat terrain at an average wind speed of 4 m/s.
NOx emission at the stack comprises around 99.5 % of NO, which is a component of NOx that leads to the formation of nitrosamine. Therefore, doubling the NOx emissions results in an increase in the formation of the nitrosamine and subsequently a decrease in the nitramine concentration owing to the fact that there is more NO to compete with NO2, for the amino radical. Overall it results in a decrease of the baseline value by 9 %. Halving NOx decreases the concentration of the nitrosamine, causing the baseline value to increase by 8%.

3.2.5 Summary
[bookmark: _Ref427089818][bookmark: _Ref420265029][bookmark: _Toc428275278][bookmark: _Toc429417261][bookmark: _Ref392602828][bookmark: _Toc420251588]The total maximum NS and NA concentrations from all the three amines for the baseline case is a value of 0.29 ng/m3, which is shown along with the results from the sensitivity tests, are summarized in Table 5. A graphical representation of the sensitivity analysis on the most influential parameters is presented in Figure 7a. A box and whisper plot is illustrated in Figure. 7b, outlining the lowest (0.1 ng/m3), lower quartile (0.23 ng/m3), median (0.29 ng/m3), upper quartile (0.31 ng/m3) and highest value (0.77 ng/m3) of the sum of NS and NA concentrations resulting from the three amines for the sensitivity testing on the risk-limit case scenario on Ferrybridge.

Figure 7a, shows the change in nitrosamine and nitramine concentration as a range of selected parameters varied by up to a factor of 2. The selected parameters represent the variability of meteorology, the variability of background photochemistry, the uncertainty of gas phase kinetic parameters and controlling parameters of the plant design and operation.

[bookmark: _Ref434779596]Table 5: Sensitivity analysis for different model parameters: Maximum long term average concentrations of the total NS and NA from the three amines at the maximum tolerable emissions from Ferrybridge.
	
Variation

NS+NA 
(ng m-3)
	 Baseline value
	k1 doubled
	k1 halved
	Branching ratio doubled
	Branching ratio halved

	
	0.29
	0.52
	0.16
	0.39
	0.15

	k2 doubled
	k2 halved
	k3 doubled
	k3 halved
	k4a halved
	k4b doubled

	0.16
	0.53
	0.31
	0.28
	0.16
	0.28

	 / (NO2) doubled
	 / (NO2) halved
	NOx/NO2 doubled
	NOx/NO2 halved
	NOx emissions doubled
	NOx emissions halved

	0.28
	0.30
	0.30
	0.29
	0.26
	0.31

	Stack exit temperature doubled
	Stack exit temperature halved
	Stack exit velocity doubled
	Stack exit velocity halved
	Stack height doubled
	Stack height halved

	0.19
	0.30
	0.23
	0.38
	0.17
	0.46

	Stack diameter doubled
	Stack diameter halved
	Background O3 doubled
	Background O3 halved
	Background NOx doubled
	[OH] 
doubled

	0.16
	0.44
	0.77
	0.12
	0.26
	0.31

	[OH] 
halved 
	
	Met 04

	Met 05

	Met 07

	Met 08


	0.10
	
	0.37
	0.29
	0.28
	0.27

	Met 09

	Met 10

	Met 11

	Met 13

	
	

	0.26
	0.31
	0.30
	0.27
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[bookmark: _Ref434779182][bookmark: _Toc420252089][bookmark: _Toc428275241][bookmark: _Toc429417228]Figure 7: (a) A graphical representation of the sensitivity analysis on parameters selected from meteorology, background photochemistry, gas phase kinetic parameters, stack and exit flue parameters, associated with high uncertainty (blue bars corresponding to a parameter increase, red bars corresponding to a parameter reduction) (b) along with a box and whiskers plot showing the lowest (0.1 ng/m3), lower quartile (0.23 ng/m3), median (0.29 ng/m3), upper quartile (0.31 ng/m3) and highest value (0.77 ng/m3) of the sum of NS and NA concentrations resulting from the three amines for the sensitivity testing on the risk limit scenario on Ferrybridge. Five outliers were also obtained at values 0.10, 0.46, 0.52, 0.53 and 0.77 ng/m3.
4. Discussion
In this study, chemical transformation reactions of the amines were considered along with the dispersion and deposition processes in the atmosphere using an air dispersion model, ADMS 5. By doing so, it was possible to determine the fate of these amine emissions in time and space within 30 km distance from the emitting PCCC facility. The methodology developed in this work combines the estimation of reliable reaction rates derived from quantum chemistry and kinetic modelling (as the theoretical values are within experimental accuracy as discussed in Manzoor et al. (2015)) with chemical transport modelling. This allows to consider the entire atmospheric fate of the involved amines including their growth and decay in a given study area. This results in more accurate estimation of amine and amine degradation product concentrations over time and space. The methodology can be applied to any amines used in CO2 capture as it is independent from experimental parameters. It is expected that application of this approach provides valuable input to studies assessing the environmental and human health risks associated with amine emissions from any PCCC facility irrespective of its geographic location and size.

4.1. Critical evaluation of ADMS model results
[bookmark: _GoBack]During the operation period of CCPilot100+ at Ferrybridge power plant, dedicated measurements of emissions such as NOx, SO2 etc. from the plant were kept confidential by the operators and were not made publically available. As a consequence of this, the modelled concentrations of regulatory pollutants and of the amines could not be compared to the measured concentrations around the site, for validation purposes of the dispersion model. However, the performance of ADMS for regulatory air pollutants has been subject of a number of validation studies (Bennett et al., 1997; Carruthers et al., 1996; Owen et al., 1999). Two validation experiments have been performed at operative coal-fired power plants, the Lovett Power Plant in Tompkins Cove in the state of New York (CERC, 2016a; Paine et al., 1998: ; USEPA, 2003) and the Tracy Power Plant in Nevada (CERC, 2016b; USEPA, 1986). Lovett Power Plant (stack height 145 m) released SO2 continuously for the entire year of 1988. ADMS model simulations results were compared to concentrations of SO2 measured at 9 monitoring stations located within 2-3 km of the power plant. Good model performance was found despite the complex terrain of the study site, with respect to the maximum concentrations and robust highest concentrations (Perry et al., 2005) of SO2. Modelled-to-Observed (MO) ratio was 0.85, 1.11, and 1.76, respectively, for the 1-hourly, 3-houly and 24 hourly average based maximum SO2 concentrations and the MO ratio was 1.04, 1.03 and 1.01, respectively, for the 1-hourly, 3-houly and 24 hourly average based robust highest SO2 concentrations ((USEPA, 2016). At Tracey Power Plant (stack height 91 m), U.S. EPA performed 14 tracer experiments with SF6 for a total of 128 h. ADMS modelled concentrations agreed with observed SF6 concentrations from all receptors within a factor of two based on the comparison of 1-hourly averaged concentrations, with a fractional bias of -0.387, a fractional standard deviation of -0.032 and a correlation of 0.11. The quantile-quantile plots of ADMS results against observations from both power plant validations shows the data to be aligned on the 1:1 line, except for the highest observed concentrations.

Based on the two power plant studies, ADMS 5 has been regarded as validated with respect to the dispersion of gaseous pollutants from an elevated point source. The influence of photo-chemical degradation on the dispersion of amines and their oxidation products in ADMS 5 was further evaluated by comparison of the modelled amine concentrations from reactive dispersion simulations against results from the inert dispersion model (IDM) implementation. In the IDM approach, the emitted amines are only dispersed and removed by deposition, without chemical reactions. It was found that for the risk-limit case for Ferrybridge, modelled annual average concentrations (at the location of the maximum) were 17.4, 3.68 and 31.6 ng m-3 for MA, DMA and MEA, respectively, in the IDM simulation. These concentrations are 1, 4 and 5 % higher for MA, DMA and MEA, respectively, compared to the reactive dispersion simulation. Overall the comparison indicates that chemical transformation has only a small influence on the average amine concentrations in the surroundings of a PCCC plant (at least in Northern Europe), in agreement with the health risk assessment study by Karl et al. (2015). In other words, dilution of the emitted amines due to atmospheric turbulence and advection changes the average amine concentration much faster than chemical reaction with the OH radical.

From the Table 6 below, the percentage production yield of the sum of nitrosamines and nitramines from MEA-oxidation at Ferrybridge is 2 %. The percentage production yield of MEA-nitramine from MEA-oxidation is 2 %. This is 20 times higher than the 0.1% reported for Mongstad by Karl et al. (2015), using very detailed MEA chemistry in a simulation with WRF-Chem, but only a factor of 2 higher than the value of 0.87 % given by Karl et al. (2014) based on the coupled WRF-EMEP model. The difference can be attributed to various factors such as different chemical schemes, meteorological years, background NOx and NOx emissions, background O3, OH concentrations, as well as model domain and resolution.

Table 6. A comparison of the percentage production yields of NS and NA from MEA-oxidation at the risk-limit case emissions at Ferrybridge.
 
	PCCC plant
	Emitted species
	[Amine]reacted =[Amine]IDM –[Amine]reactive
(ng m-3)
	Sum of NS+NA
(ng m-3)
	Production yield NS+NA (%)
	Production yield of
MEA-nitramine
(%)

	Ferrybridge
	MEA
	2.8
	6.86x10-2
	2
	2



While the comparison with the IDM approach is useful to evaluate the relative importance of the chemical transformation of amines and to determine the production yield in the amine oxidation, it cannot be used to validate modelled nitrosamine and nitramine concentrations. However, obtaining reliable concentration sums of NS and NA within the area affected by the amine emissions around a facility is vital to establish a realistic assessment of the related human health risk.

One part of the model validation is the check of the mass balance consistency as a possibility to check the plausibility of the model results. That means that the total amount of losses through all processes (chemistry, deposition, advection and turbulent transport out of the study domain) should be equal to the total amount of emission of the amine.

The mass balance consistency for the purposes of this work was analysed using the IDM simulation run for MEA emission at the risk-limit case for Ferrybridge and the MEA reactive dispersion simulation run. The total NS and NA annual average concentration at all the grid points was 0.31µg/m3. To perform a mass balance consistency check a theoretical sum of NS and NA was calculated using the equation below based on the amine chemistry defined in Table 1 and rate constant parameters in Table 2 (converted to ppb-1 s-1). In order to maintain the mass balance, the difference between the modelled concentrations from the inert MEA run, [MEA IDM] and the reactive chemistry and dispersion run, [MEA reactive] multiplied by the branching ratio of the formation of NS and NA must equal the theoretical sum of NS and NA produced from MEA, according to:

[NS + NA] = ([MEA IDM] – [MEA reactive] ) × 
											        (8)

where, k2 = 2.2x10-9 ppb-1 s-1, k3 =1.46x10-3 ppb-1 s-1, k4a = 1.24x10-3 ppb-1 s-1.

Using the RHS of Equation (8), the total theoretical sum of NS and NA over all the grid points in the study domain was calculated to be 0.31µg/m3. The obtained value is exactly the same as that obtained for model run with MEA chemistry and dispersion, hence, it is confirmed that the mass is conserved in these model calculations. 

4.2. Limitations of the risk-limit method
Due to lack of reliable published emission data from PCCC technology a risk-limit scenario was simulated. Hence, the obtained results refer to a hypothetical case. Furthermore, no ambient measurements exist to which modelled concentrations can be compared, for the purpose of verification. In addition to issues with confidentiality of the specific amine blend used in the PCCC facility, ambient measurements are also hampered by numerous practical challenges when measuring concentrations of nitrosamines and nitramines on the order of pg/m3 levels around an emitting facility, close to the detection levels of the analytical instruments. Only few studies reported measurements of environmental concentrations of MEA. Measured concentration values of MEA in air, collected on a weekly base, were below 0.01 ng m−3 around Mongstad before start of the operation of the TCM plant (Tønnesen 2011). Poste et al. (2014) measured MEA concentrations of 0.2 – 1.86 μg L−1 in the water of Norwegian lakes.

Studies (Nielsen et al., 2011a) have suggested that reactions of O3 and NO3 were important for many unsaturated amines. The ozone removal process was significant for tertiary amines but less relevant for primary and secondary amines since the O3-reactions are generally slow, and therefore not relevant for atmospheric conditions. As a consequence, the ozone reactions of amines have not been accounted for in the ADMS amine chemistry module. In contrast to the O3-reaction, the reaction with NO3 radicals can become significant during night time (Nielsen et al., 2012; Wayne et al., 1991). 

Experimental and theoretical studies (Nielsen et al., 2012 and T. Kurtén, personal communication, 2011) have discovered that the NO3 reactions with primary and secondary amines proceed with H-abstraction in the same manner with the OH radicals. Therefore, Karl et al. (2012) assumed that the same products would form from the amine oxidation by NO3 radicals as those from the reactions of amine with the OH radical. Karl et al. (2012) discovered from the simulations performed, that the amine reaction with NO3 radicals resulted in the NS and NA sum concentrations to increase by 50 %. However, there have not been enough smog chamber studies in literature to consolidate the kinetics and products from the reactions of amine reactions with NO3 (Malloy et al., 2009). In this work, amine reactions of NO3 and O3 have not been taken into account solely due to the fact that the ADMS model does not include these reactions in its amine chemistry module.

In this work, a parametric sensitivity study was performed to study the change in nitrosamine and nitramine concentration in response to variation of selected parameters by a factor of two. The selected parameters comprised the variability meteorology, the variability of background photochemistry, the uncertainty of gas phase kinetic parameters and controlling parameters of the plant design and operation. However, restricting the variation to a factor of two does not, in the case of the branching ratio for the H-abstraction from the amino group of the MEA, reflect the value range of the current literature. A value of 0.05 was considered as determined by Manzoor et al. (2015) which is in line with the values reported by Nielsen et al. (2010) (0.08) and Karl et al. (2012) (0.15) but lower than Onel et al., 2015 (0.38). If the 0.38 branching ratio was considered for MEA instead, the total NS+NA would increase by a factor of 3 of the baseline value.

Another remaining uncertainty of the modelling, not addressed by this study, is in the dry and wet deposition of amines and the other emitted compounds. There have been no experimental investigations of the deposition rates. However, the uncertainty due to deposition can be quantified and it would still be possible to come up with a concentration range (lower and upper limit), which could in principle be compared, to measurements. In the risk-limit scenario, yearly averages for the health impacts are mainly considered. Therefore, a measurement series covering one year or at least some parts of the year would be needed.

In the absence of reliable emission data on amines, risk-limit scenario cases were created such that the discharge of amines from the PCCC had the highest rate for which the risk was still acceptable with respect to the health of the general public and the local environment. However, for a complete environmental risk assessment, detailed and reliable emission data for PCCC plants is essential. Such data is the basis for developing accurate risk assessment as it provides the necessary atmospheric input quantity which can then be assessed for the environmental fate processes.

There is an immediate need to perform field experiments to measure the ambient concentrations of the products of interest such as amines, NS and NA in the study domain around the emitting facility. The experimental data can be used to validate the results from modelling studies. This will increase the confidence in using modelling results for drawing conclusions with regards to the maximum tolerable emissions of amines and the corresponding degradation products from PCCC plants.

5. Conclusions
In conclusion, the outcome from this work strongly supports that the developed methodology is reliable in influencing and controlling the environmental concentrations of the amine emissions and their corresponding products such as, NS and NA through optimised plant design and operating conditions. In plant design, the parameters that can be controlled are stack height and diameter, which individually influence the total NS and NA baseline concentrations from +58 % to -42 %. Other plant operation parameters such as, exit flue gas temperature and velocity can also be controlled as they can influence the total NS and NA baseline concentrations from +32 % to -35%. On the other hand, parameters that cannot be controlled, are the site specific background meteorology, background photochemistry and gas phase kinetic parameters. Meteorology, i.e. mainly wind speed and wind flow field, affected the total NS and NA baseline concentrations from +28 % to -10 %. Background photochemistry from +165 % -65 %, of which O3 and OH were the key parameters. Gas phase kinetic parameters from 84 % to -49 %, of which k2 and (1aOH) were influential parameters.

The knowledge gained from the sensitivity testing on the base line case study on Ferrybridge can be generalised to other geographic locations in terms of gas phase kinetic parameters (for the same atmospheric amine chemistry scheme) and background photochemistry (linear dependency of NS and NA concentration on background ozone), but to a lesser extent in terms of inter-annual variability of meteorology (site specific) and plant design parameters. The found power law dependency for stack height and stack diameter is to a certain degree site-specific, depending on terrain variability as well as on insolation (sunlight) and the prevailing atmospheric stability. 

In this work, it was assumed that MEA does form a nitrosamine that, according to the findings of Manzoor et al. (2015), is photo-liable and thermally stable. However, there are contradicting studies. Angove et al. (2010) stated that the nitrosamine from MEA undergoes isomerisation followed by decomposition reaction to form 2-iminoethanol. Whereas, Karl et al. (2012) suggested that the nitrosamine of MEA forms with very low yield and undergoes photolysis in sunlight. Since, the stability of the nitrosamine from MEA is still under debate, for the purposes of this work, it was assumed that the nitrosamine of MEA is photo-liable and thermally stable (Manzoor et al., 2015). If no NS from MEA was considered, then the total NS+NA would be 2 % lower than 0.29 ng m-3; with DMA as only contributor to the total NS.

Restricting the variation of selected parameters to a factor of two is certainly a limitation of this study, since some of the kinetic parameters of the amine chemistry have a higher uncertainty. For the branching ratio for the abstraction at the N–H site, a value of 0.05 as reported in Manzoor et al. (2015) has been used as baseline, which is much lower than the 0.38 value reported in the recent study by Onel et al. (2015). The branching ratio of 0.38 would increase the total NS+NA by a factor of 3 compared to the baseline value.

The assessment of the atmospheric fate of these crucial substances and their associated risk to the human health and the environment remains a key area to address for the large-scale carbon capture and storage implementation. Henceforth, it is important to take account of the most influential parameters during the design and consent phase of potential industrial applications. Commercial scale implementation of the PCCC technology using amine solvents is not as extensive because it is in its early stages. The world’s first commercial scale PCCC the installation has been to Boundary Dam power station in Canada, which began operation in October 2014. It is essential to make sure that the PCCC process is associated with an overall positive human health and environmental impact.

6. Acknowledgements
This research was funded by the Scottish Power Academic Alliance as part of the SOLVfate project carried out in collaboration with SINTEF Materials and Chemistry and supported by the CLIMIT program of the Research Council of Norway, Mitsubishi Heavy Industries and ENEL. The authors are grateful for the support of the EPSRC UK National Service for Computational Chemistry Software and the Imperial College High Performance Computing Service who supplied the computational resources. The authors also thank the Cambridge Environmental Research Consultants (CERC) for making available ADMS 5 and a specially compiled version of their Amine Chemistry module for this research.

7. References
Angove, D., Jackson, P., Lambropoulos, N., Azzi, M., Attalla, M., (2010) CO2 Capture Mongstad – Project B – Theoretical evaluation of the potential to form and emit harmful compounds, CSIRO Report, available at: http://www.gassnova.no/frontend/files/ CONTENT/Rapporter/AtmosphericFormation CSIRO.pdf.
Atkinson, R., Perry, R.A., Pitts, J.N. (1977) Rate constants for the reaction of the hydroxyl radical with methanethiol and methylamine over the temperature range 299-426 DegK. J. Phys. Chem 66, 1578-1581.
Atkinson, R., Perry, R.A., Pitts, J.N. (1978) Rate constants for the reactions of the OH radical with (CH3)2NH, (CH3)3N, and C2H5NH2 over the temperature range 298–426 °K. The Journal of Chemical Physics 68, 1850-1853.
Bennett, M., Hunter, G.C. (1997) Some comparisons of lidar estimates of peak ground-level concentrations with the predictions of UK-ADMS. Atmospheric Environment 31, 429-439.
Booth, A., da Silva, E.F., Brakstad, O.G., (2012a) Environmental impacts of amines and their degradation products: Current status and knowledge gaps, 1st Post Combustion Capture Conference. SINTEF Materials and Chemistry, Norway.
Booth, A., da Silva, E.F., Sørensen, L., (2012b) Emissions from post-combustion CO2 capture plants SINTEF Materials and Chemistry, Norway, p. 5.
Borduas, N., Abbatt, J.P.D., Murphy, J.G. (2013) Gas Phase Oxidation of Monoethanolamine (MEA) with OH Radical and Ozone: Kinetics, Products, and Particles. Environmental Science & Technology 47, 6377-6383.
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